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Abstract. -This paper briefly summarizes the development of empirical
models of the Sgi&-e" ntlc variation in the thermosphere and exosphere. The
earliest models were based exclusively on the results of satellite drag
analysis. Although they present a much simplified picture of what is an
extremely complex phenomenon, these models are still valid in many
applications and remain in wide use. They do, however, leave much to be
desired with respect to short-term accuracy and are quite inadequate in many
cases in the way in which they depict local conditions. More recent
observational data, particularly those from satellite-borne Sea analyzers,
have resulted in a considerable improvement in empirical models of the

geomaguetic variation. One such model and its limitations are described in
some detail. Some of the problems relating to the developme'.t of improved
models in the future are also examined.

1. NODELS BASED ON DRAG ANALYSIS

Reating of the neutral atmosphere in association with magnetic storms was
suggested by many early studies of ionospheric disturbance and the aurorae.
Thore was, however, no direct evidence of such heating until Jacchia (1959,
1961) detected a correlation between magnetic storms and short-lived increases
in the atmospheric drag on artificial satellites. Following this discovery.
the results of drag analysis were used extensively to study the variation of
the atmosphere with geomagnetic activity and vere, for a long tine, the only
significant source of information on the subject. These studies led to the
development of simple empirical models of the geomagnetic variation (Jacohia
and Slowoy, 1964a, 1964b; 7acchia at al., 1967; loomer, 1971) which, by
inclusion in one or another of the early comprehensive models of the
heterosphere (thermosphere and ezosphero). are still widely used, particularly
in relation to problems of satellite orbital analysis and ephemeris
prediction. This phase in the development of models of the geomagnotic
variation is summarized in reviews by Jacthia (1972) and Rosser (1972)
published with the 1972 COSPAR reference atmosphere (CIRA 1972).

The models derived from satellite drag usually consisted of an equation
relating as increase is the esospheric temperature of the atmosphere to the
planetary geomagntic index sp or to its quasi-logaritmie equivalent 16. The
oorresponding density at any height was them to be obtained by entering the
sugmented oosphoric temperature in a statie diffusion model of the
atmosphore. The impliait assumption was that the shape of the temperature
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profiles during geomagnetic disturbances was unchanged with respect to the
static models. Actually, of course, one would expect the profiles to be
considerably distorted in the vicihity of the lower thermospheric heat sources
that drive the geomagnetic variation. Still, the models represented the
observed density variations at heights above 200 km rather well. Below 200
km. however, it was necessary to introduoce an added relative increase directly
in the density in order to compensate for the limited sensitivity of the
static models at lower heights to variations in the exospheric temperature
input (Jacohia, 1972).

T1,e orbital-drag method does not provide high resolution, either
spatially or temporally, and this was a considerable disadvantage in the case
of the geomagnetic variation. Time resolution as short as 0.1 day has been
achieved in drag work (Jacchia and Slowey, 1963) but a resolution of 0.20 -
0.25 day during large magnetic storms is more typical of the data from orbit
analysis. During quieter periods, even the smallest variations with
geomagnetic activity can be detected (Jacobi& and Slowey, 1%4b) but the
resolution of these is poorer still. And, since the drag effect cannot be
resolved within a single orbital period, the derived density necessarily
represents an average over a fairly long arc of the orbit on either side of
perigee. Thus, the data from orbital-drag analysis could only give a smoothed
picture of a phenomenon that turned out to be quite complex in form. This
complexity became obvious with the first high-resolution measurements of
densities and composition with satellite-borne accelerometers (DeVries, 1972)
and gas analyzers (i.e., neutral mass spectrometers) (Tasusch et al., 1971).

Although most of the models based on orbital drag assumed the geomagnetic
variation to be uniform over the globs, several important details of the
variation did emerge from drag analysis, albeit in rudimentary form. Jacchia
and Slowey (1964a) and Jacohia at al. (1967) reported that, on occasion, the
geomagnetic variation was substantially enhanced in the auroral zones. Roamer
(1971) did, in fact, modify the model of Jacchia at al. (1967) to include a
latitude dependence. Roamer (1971) was also able to detect a sinusoidal
dependence of the geomagnetic variation on local time, with a maximum in the
relative temperature increase at 3 an larger by a factor of 1.30 with respect
to a 3 pm minimum. Jachia and Slowey (1964s) also found an increase An the
time la& between a geomagnetia disturbance and its atmospheric counteipart in
going from high to low latitudes. This and the observed enhancement in high
latitudes were evidence of the transport of energy from high to low latitudes
during magnetic storms, a fact later corroborated by observations of winds
(Smith, 1968; lays and Roble, 1976) and gravity waves (Newton at al., 1969;
Champion at al., 1970) in the thermosphere.

2. RuKCwT MODLS

Data from satellite-borne gas analyzers revolutionized the study of the
uppbr atmosphere and, in particular, the omaotic variation. Data from
accelerometers have also been important because of their greatly improved
resolution as opposed to orbital-drag analysis. The gas-analyzer results,
however, provide information on composition in addition to improved
resolution. Changes in the neutral composition associated with gsomnetic
disturbance turn out to be extremely important in understanding the physical

Processes involved in the geomagnetic variation.
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Spherical harmonic models, patterned after the original 000 6 model of
Rodin ot al. (1974). have been fitted to the data from a nmber of the gas-
analyzer experiments. Some of these include (geographic) latitude dependent
torms for the geomaganetic variation (usually as a function of the daily Ap
index) while some, such as the 3S0 4 model of von Zahn ot al. (1977), are
specifically fitted only to data corresponding to gsomagnetically quiet
conditions. The most prominent of the spherical harmonic models is the NSIS
model of Redin et al. (1977a, 197T) that was fitted to gas-analyzer data from
five different satellite experiments as well as neutral temperatures inferred
from incoherent scatter measurements made at a number of ground stations.
This model was extended by Rodin ot al. (1979) to include longitude/UT
variations. We cannot discuss these models in detail here but, instead, refer
the reader to recent reviews such as that by PrOlss (1980). We shall,
however, describe in some detail the model of the goomagnetic variation that
was derived from ESRO 4 gas-analyzer data by Jacchia at al. (1976, 1977) and
incorporated in Jacchia's most recent comprehensive model of the heterosphere
(Jacchia, 1977).

The model of Jacohia et al. represents the geomagnetic variation as a
function of the geomagnetic latitude, averaged over local time and other
conditions, and the K index. Density and composition changes under
geomagnotically disturoed conditions are reproduced by an increase in
exospheric temperature and a proportional increase in the height of the
homopause. The later is a convenient device to account for an effect that
seems more likely to be due to wind-induced vertical diffusion. Superimposed
on these two effects is an 'equatorial wave' in which the number densities of
all constituents increase in the same proportion and that propagates into low
latitudes. The change in the logarithm of the number density of the species
i, A(log ni, is thus assumed to be given by the sum of three separate
components,

AGlog ni = ATloS ni + A1le 80 ni + Aelog ni  (1)

where ATIog ni is the thermal component, Aglog ni is the component due to the
change in the height of the homopause and Aole ni is the component due to the
equatorial wave.

The thermal component of the variation ATlo ni is evaluated from an
exospheric temperature increase AGT, given by

AoT. - A sin4O (2)

where 0 is the goomagntic (preferably the invariant) latitude and the polar
amplitude A is given by

A - S7.SoKp' [1 + 0.027 ozp (0.4 Kp')]

where Kp' is the Kp index at a time t - v, and v is given by

- 0.1 + 0.2 ease. (day). (4)

For heights in the lower thermosphere, the temperature profiles of the static
models are to be incremented by a mount gives by (asehia 1977)

A9T(s) -Ar. teak Io(s-se)J, (5)
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whete - 0.006 and zo a 90 km. The disturbod temperature profiles defined by
equation S) yield species densities that are is good agreement with
observations at heights as low as 1SO km. Analytical expressions, derived
from the results of numerical integration of the disturbed profiles, ae
available feem which ATIog at, including the effect of equation (5), can be
computed directly.

The component due to the cbange In the height of the homopause is gives
by

Alot zi " * i A l (6)

where Aag (motors) is computed from

A&H - 5.0 x 10' sinh-(0O.lOAGT.) (7)

and the ai are:

o(Ar) - +3.07 x 10-  (iks) (8)
a(O,) = +1.03 z 10- s (-mks)

U(N) 0.0
a(O) - -4.85 z 10-' (mks)
a(Re) - -6.30 z 10-9 (nks).

With the exception of the value for 0, these values of ai were determined
numerically from the static models. The value for 0 was determined by
observation and is about 201 larger than that computed from the models. This
is not surprising since oxygen dissociation is still important at the height
of the homopause, so that 0 is very far from being in diffusion equilibrium.

Ar
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Figure 1. Vasiation in the densi-
ties of Art Na , 0, and le at 230

im s a fiaMtion of goamagnetic
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A*? I01) temperature of 900 K.
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Figure 2. Latitudinal profiles of Ar, Ns, 0, and e aumber densities and of

total atmospheric density at various heights for K.0 - 5 and a 'quiet'

ezospheric temperature of 900 K. The profile of the exospheric temperature
increase is also shown.

The component due to the equatorial wave is assumed to depend on the
temperature amplitude of the disturbance given by equation (3) and is
represented by

Aslog ni - AoloS p - 5.2 a 10" A cos' (9)

where p is the total density. This component. which is a clear and
significant part of the gomagsntic variation, is not, to our knowledge.
included in other models.

The nature of the variations predicted by the model are shown in Figures

1-3. In Figure 1, the variations of fout atmospheric constituents at a height
of 280 km are shown as a function of AGT.. The variations are those at the
poles and represent only the effects of the thermal increase and the increase
in the height of the homopuese. As can be seen, the effect of the thermal
increase at this height is insufficient to overcome the effect of the increase
in the height of the homopass on the lighter conastituents. 0 gnd se. and the
densities of these eoastituosts decrease rather than increase in response to

geomagnotic disturbaceo. Is Figure 2, the variations of the *san constituents

and the total density are shown for various heights, together with the

variation in nosphoerie temperature, as a frustion of the omasetic latitude
for lp - 5 (A -45 1). Note, the dessity variatios include the effects of
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all three components of the model. The variation in total density at
different hoihtas does, of course. depond on the composition at that height.
At moderate keights, where 0 is the major atmospheric oonstituent. the
variation in the total density closely follows that of 0. At lower heights,
the variation in total density is also effocted by the variation in Nz. This
is especially true in high latitudes because of the largo increase in
exospheric temperature. At greater heights, where Be begins to become the
major constituent, the variation in total density is increasingly effected by
the variation in Be. Thus, the relative amplitude of the variation in total
density attains a maximum at about 700 ha and then begins to decrease. In
Figure 3. profiles of the total exospheric temperature around the meridional
circle containing 17h and 5h local time are shown for both equinox and
solstice conditions. It is clear from the figure that even moderate
geomagnetic activity can shift the global maximum in exospheric temperature
from its 'quiet' position into much higher latitudes.
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m a Figure S. aitospheric temperature profiles
-0 .0 -0 .B- ., -O a- along the 171- Sh local time meridian for

SbSRAIIICC "1TUDE various levels of gaemagnetic activity.

J. LINITATIONS OF TO MPU-

One limitation of the model that has boon described here is that it was
derived primarily from date at the single height of 250 km. while the model
has boos shown to work rather well in the lower thOrmosphoro, it has not boon
tested at pester heights. This is a matter ef same eensors in view of the
lige relatve amplitsdes that the model prediets at greater heights. There
is also evidence from omparisos with satellite di& that, owes is the
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vicinity of 280 km, the dip is the latitudinal response of the total density
in mid-latitudes is exaggerated in the model. Jacohia and 81owey (1981) have
made a preliminary revision to the model based on re-oxamination of the 3530 4
data in which both the exosphoric temperature lacrosse centered on the poles
ad the equatorial wave are somewhat broadened. The main effect of this

revision is to increase the positive response of atomic oxygen and, hence,
that of the total density at lower heights in mid-latitudes.

The model also does not allow for a variation in the shape of the
latitudinal response with the intensity of the disturbance. Such changes have
been observed in the ESO 4 data by Pralss and Fricke (1976) ad by Slowey
(1931) and seen to be related to variations in the positions of the energy
sources heating the atmosphere. The latitudinal position of the polar cusp
region, for example, varies by 15 degrees or nore in response to intensity
variation of the ring current as indicated by the Dst index (Mong. 1982).

In addition, the time lag between a geomagnetic disturbance and the
associated atmospheric perturbation specified by the model, is, on average,
probably too large. Here we were guided note by the results from orbital-drag
analysis than the gas-analyzer data. It is increasingly evident that response
times are extremely short in high latitudes (Taeusch et al., 1971; Prase and
Fricke. 1976) and may be as little as 3-4 hours in the equatorial region
(Slowey. unpublished), at least with respect to the AE geomagnetic index.
Much work remains to be done, however, both on the possible variability of the
time delay and the applicability of different activity indices to the
geomagnotic variation.

A related, though considerably more difficult, question is that of the
persistence of the effects of atmospheric perturbation. The heating involved
in a geomagnetic disturbance results in a large-scale transport of mass and
energy (see, for example, Fuller-Rowell and Rees, 1981) and the winds and
waves associated with the disturbance will persist for a considerable period
after the heat input ceases. Porter ot &l. (1981), have recently developed an
empirical formulation for the effects of Asturbance that incorporates the
prior history of the hest input. This has been applied to the analysis of two
disturbed periods by Redin et al. (1981) with good results and seons to be a
stop in the right direction. A such simpler approach would, however, seem to
be required for most practical applications.

4. FUTURS DEVOIWNT

The most formidable problem remaining in the development of empirical
models of the geomalnetic variation is that of the realistic representation of
local time effects, while at the same time taking into account whatever
dependence on longitude and on season as may exist. Some idea of the
complexity involved in modeling the local tim effects can be seen in Figure
4, which shows relative isotherms of the exosphoric temperature increase
plotted as a function of Somagneotic latitude and local time in the region
poloeward of 30 degrees latitude. The exosphoio temperatures used to draw the
figure were obtained by inversion of the Ng densities measured by 30 4 at a
height of 280 ka *nder the assumption that NS remains in diffusion
equilibrium. The data seed vere those for which the correapoding valse of
K' was is the range 3-4 wnd were selected without regard to hemisphere.
season or any other consideration.
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Figure 4. Isotherms of the
normalized relative temperature
increase derived from Na densi-
ties for Kp, in the ranse 3-4.
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As can be seen from the figure, the response of the atmosphere to
geomagnetic perturbation is generally much rseater in the night and morning
sectors than it is elsewhere. This confirms the trend found by Roomer (1971)
from orbital-drag data as well as the findings of Tasusch (1977) and PrOiss
and von Zahn (1978) from gas analyzer data. The maximun in the morning sector
is probably the same day-side heating zone previously detected in the ESRO 4
data by Pricke et &l. (1974) and Raitt et al. (1975) and shown to move towards
lower latitudes as the level of disturbance increases. It is probably
associated, at least in part. with heating due to particle precipitation in
the vicinity of the polar cusp. The enhancement in high latitudes in the
night sector, on the other hand, is probably associated with Joule dissipation
in the westward electrojet system. The component of that electrojet that
flows in the auroral oval in the evening sector is not so intense. The
relatively steep temperature gradient there and, especially, at high latitudes
in the afternoon sector may also be due in part to strong eunward winds in
those reaion.. The aid-latitude enhancement throughout the night side has
beep shown by Raitt et al. (1975) to b closely correlated with zoues of high-
onery electron flux. Anti-sunward winds and waves generated in high
latitudes may also be a factor here and in the morcing sector as well,
however. The secondary mazim in mid-latitudes in the afternoon sector, for
which there yet seest to be no other explanation, may also be related to the
wind system gonorated by the bl latitude host input.

Of sourse, the data of Figaure 4 provide only a portion of the isfomation
needed o model the loel time effeots is detail. We must obtain similar
isto- on resrdint the variations of the other sonstituents, not only at

$0 ,m but at other heights as well. And, we must knew how these
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distributions vary temporally and with the intensity of disturbance. It is
also clear that the development of a model to fit these data. will require a
rather thorough understanding of the underlying physical processes.
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